A new series of etherification chalcone derivatives were designed and synthesized through Willimison etherification and Claisen-Schmidt condensation. Among them, compound 2-c which was given chemical name of S17, has been successfully screened out as the most potent one on gastric cancer cell line(MGC803) through the investigation for their effects against the growth of five cancer cell lines (EC109, HepG2, MCF7, MGC803, SKNSH). S17 exhibited strong anti-proliferative activity on other two gastric cancer cells (HGC27 and SGC7901), but less cytotoxicity to non-malignant gastric epithelial cells GES1. S17 potently killed gastric cancer cells with causing modulation of Bcl-2 family proteins and activation of caspase 9/3 cascade. S17 also up-regulated DR5 expression and DR5 knockdown partially reversed S17-induced apoptosis, caspase activation and MMP decrease. S17 robustly induced generation of ROS with Keap/Nrf2 pathway activated and the application of ROS scavenger N-acetyl cysteine (NAC) completely blocked these effects by S17 in MGC803 cells. Intraperitoneal administration of S17 significantly inhibited the growth of MGC803 cells in vivo in a xenograft mouse model without observed toxicity. These results indicated that S17 is a leadbrominated chalcone derivate and deserves further investigation for prevention and treatment of gastric cancer.
Gastric cancer is a kind of occurring commonly cancer in gastrointestinal tract cancer 1 . In recent years, attention has been focused on the anti-cancer properties of natural products, which play an important role in the prevention of cancers 2 . As an important candidates of the subclasses of the flavonoid family, chalcone derivatives are the precursors of the flavones in the biosynthesis of flavonoids and a large amount of which have been applied as antiplatelet, anti-inflammatory, anti-allergic, antimicrobial, antioxidant or anti-tumor agent 3, 4 . The most classical and general synthetic route of chalcone derivatives was the Claisen-Schmidt condensation among the reported ones 5 . Chalcone and its derivatives display a wide range of important pharmacological activities and have a huge importance in medicinal chemistry 6 . As reported, chalcone, coumarins and flavanones from the exudate of Angelica keiskei have chemopreventive effects 7 . Isobavachalcone exhibits anti-proliferative effects towards several human cancer cells through blocking of Akt signaling 8 . A chalcone panduratin A isolated from Kaempferia pandurata induce apoptosis and cell cycle arrest in androgen-independent human prostate cancer cells PC3 and DU145 9 . These observations suggested that naturally-occurring chalcone can be further optimized through synthesis of their derivatives as new anti-cancer agents to effectively treat certain cancers.
Cell apoptosis, or programmed cell death acted as one of the most important manner in regulation of carcinogenesis 10 . In the initial of apoptotic process, it triggers an activation of apoptotic signaling program leading to cell death rather than kills cells directly. Reactive oxygen species (ROS), a cellular metabolite which regulates multiple cancer-related signalling pathways appears to be an important regulatory signal of cell apoptosis 11 . Nowadays, it is significantly recognized that ROS are involved in the function of antitumor, because high levels of ROS cause cell damage by oxidation and nitration of macromolecules including RNA, DNA, lipids, and proteins, as well as cause DNA damage and apoptosis 12, 13 . SL4, a chalcone-based compound, induces apoptosis by activation of the ROS/ MAPK signaling pathway in human cancer cells in vitro 14 and in another study, a new synthetic 2′-hydroxy-2,4,6 -trimethoxy-5′,6′-naphthochalcone induces cell apoptosis and cycle arrest of human colon cancer cells 15 . In this study, a series of etherified chalcone derivatives were rationally designed and their antitumor activities evaluated.
Among them S17 which was designed and synthesized for the first time exhibited strong cytotoxic effect against gastric cancer cells. We discussed the mechanism of S17 on gastric cancer cell MGC803 with reactive oxygen species (ROS) causing apoptosis via mitochondria apoptotic pathway and through upregulation of DR5. DR5 knockdown indeed partially reversed the mitochondrial membrane potential decrease and apoptosis. At the same time the increasing ROS activated the Nrf2/HO-1 axis in a short time. We also evaluated antitumor activity of S17 in a MGC803 tumor bearing xenograft mice model in vivo. The significant antitumor effects of S17 have been confirmed both in the vitro and vivo experiments.
Results
S17 showed significant inhibition of proliferation of human gastric cancer cells (MCG803, HGC27 and SGC7901) with minimal toxicity to non-malignant human gastric epithelial cells GES-1. Etherification on ring A and B occurs relatively infrequently (Fig. 1A) . Chalcone derivates with multiple methoxy substituted on ring A and B have never been reported. Their anticancer activities haven't been elaborated. Therefore, a new series of etherification chalcone derivatives were designed and synthesized through Willimison etherification and Claisen-Schmidt condensation (Fig. 1B,C) . Based on the screening results of the synthesized compounds for inhibiting the growth of five cancer cell lines, S17 was prioritized to perform further experiment for evaluating its anti-cancer potential in gastric cancer (Fig. 1D) . Furthermore, the IC50 value of S17 for MGC803 is 6.754 ± 0.830 μM, SGC7901 is 9.285 ± 0.968 μM and HGC27 is 12.292 ± 1.090 μM, exhibiting better cytotoxicity than other cell lines. Therefore, we chose S17 and gastric cancer cells for the further experiment.
To evaluate the effects of S17 on human gastric cancer cells, three gastric cancer cell lines (MGC803, HGC27 and SGC7901) and human gastric epithelial cells (GES1) were incubated with S17(10 μM) for indicated time points, and then the effects of S17 on reducing cell viabilities were measured by an MTT assay. As shown in Fig. 1E , following treatment with S17, the viability of the gastric cancer cells decreased in a time-dependent manner. MGC803 cells showed the most sensitivity to S17 treatment, causing 60.77% viability reduction at 48 h in related to control treatment. However, it is almost no toxicity to human gastric epithelial cells (GES1) (Fig. 1E) . Taken together, these results suggested that S17 has selective cytotoxicity against gastric cancer cells versus normal human gastric epithelial cells. S17 induced caspase-dependent apoptosis of MGC803 cells. Further experiments were conducted to determine whether the inhibition of S17 on the viability of gastric cancer cells was the result of apoptotic cell death. In Fig. 2A , we evaluated the apoptotic induction of S17 on MGC803 with Annexin V and PI staining and found that the numbers of Annexin V positive cells showed gradually increase in a time-dependent manner from 12.0% to 58.7% in MGC803, whereas control treatment only resulted in 5.0% Annexin V positive staining cells. Morphological changes of MGC803 cells were then determined using DAPI staining, as shown in Fig. 2B , a significant number of cells with chromatin condensation were observed in cells treated with S17, whereas these features were not observed in control cells. Caspases are known as key executioners of apoptosis through the cleavage of various cellular substrates 16 . To further investigate whether S17-induced apoptosis is associated with the caspase cascade leading to proteolytic cleavage of poly(ADP-ribose) polymerases-1 (PARP-1) in MGC803 cells 17 , we assessed cleavage of caspases (3, 8 and 9 ) and PARP-1. As shown in Fig. 2C , Western blot analyses revealed that treatment of MGC803 cells with S17 (10 μM) down-regulated the levels of pro-caspase3, pro-caspase9 and pro-PARP-1 proteins accompanied by an increase in levels of cleaved caspase3, 8, 9 and PARP-1 proteins compared to the control treatment in MGC803 cells.
To further evaluate the significance of caspase activation in S17-induced apoptosis, MGC803 cells were pretreated with z-VAD-fmk (100 μM) for 1 h, followed by treatment with 10 μM S17 for 48h 18 . As shown in Fig. 2D , Pretreatment with z-VAD-fmk efficiently attenuated S17-induced apoptosis from 54.5% to 23.3% according to flow cytometry analysis. Taken together, these results suggest that S17-induced apoptosis is dependent of caspase activation in MGC803 cells. S17-induced apoptosis involves the modulation of Bcl-2 and IAP family proteins, attenuation of Mitochondrial membrane potential (MMP/ΔΨ) in MGC803 Cells. Mitochondria play an essential role in cell apoptosis pathway 19, 20 and the mitochondria-dependent apoptotic pathway is regulated by the Bcl-2 family of pro-and anti-apoptotic proteins 21, 22 . To determine the role of the mitochondria in S17-induced apoptosis of gastric cancer cells, the change of MMP (ΔΨ) was measured. As shown in Fig. 3A , S17 significantly reduced the MMP level in a time-dependent manner in MGC803 cells. And pretreatment with z-VAD-fmk (the pan-Caspase inhibitor) which can block the process of apoptosis significantly reversed S17-induced decrease of the MMP level as shown in Fig. 3B . The role of the Bcl-2 and the IAP family proteins was determined by western blotting to explore the possible mechanisms involved in S17-induced apoptosis in MGC-803 cells. As shown in Fig. 3C , in comparison with the control cells, S17 treatment of MGC803 cells led to a significant increase in the protein levels of Bim EL , Bax, t-Bid and a reduction in the protein levels of XIAP in a time-dependent manner, whereas the levels of anti-apoptotic Bcl-2, Bcl-xL and death receptor family protein DR4 were not changed. These results revealed that the mitochondrial pathway plays an important role in S17 induced apoptosis in gastric cancer cells.
S17-induced apoptosis is related to Death Receptor 5.
Apoptosis usually happens following the death ligand binding to corresponding receptors such as DR4 and DR5 23 . And we found that the death receptor DR5 expression level was obviously increased after treatment of 10 μM S17 for 24 hours while DR4 wasn't influenced as shown in Fig. 4A . And this was confirmed by analysis of expression of DR5 in MGC803 cells by flow cytometry as shown in Fig. 4B . Then we knocked down the protein DR5 in MGC803 cells. The cell death induced by S17 were attenuated significantly as shown in Fig. 4C ,D. We also detected that the cleavage of Caspase3 and PARP-1 decreased to the modest degree as shown in Fig. 4E . Interestingly we also found that S17-induced MMP decrease was partially reversed in DR5 −/− MGC803 cells as shown in Fig. 4F . These results together revealed that DR5 is associated with S17-induced apoptosis and mitochondria pathway. S17 induces generation of ROS in MGC803 cells and activation of keap1/Nrf2 pathway. The generation of intracellular ROS has been shown to be related to the induction of apoptosis in various cell types 24 . We therefore measured ROS production in MGC803 cells by flow cytometry analysis of cellular DCFH-DA fluorescence intensity. As shown in Fig. 5A , treatment of MGC803 cells with 10 μM of S17 resulted in a time-dependent increase of ROS generation. Since elevated ROS activates Nrf2 and its subsequent nuclear-translocation and increases the downstream proteins expression 25 , as shown in Fig. 5B ,C, we confirmed the increasing expression of proteins like p-Nrf2, HO-1 and NQO1 and the immunofluorescence assay also showed accumulation of Nrf2 around the nuclear and on the chromatin. However, we also noted that Nrf2 expression dramatically decreased if not vanished and NQO1 expression also reached its peak at 3 h after S17 treatment indicating Nrf2 didn't happen accompanied with S17 all the time. These results together suggest S17 indeed induced the generation of ROS and the activation of keap1/Nrf2 pathway was meant to protect cells from the injury by ROS, although it didn't reverse S17-induced cell death. S17-induced Apoptosis is associated with the generation of ROS. Next, to determine whether S17-induced ROS production was attributable to the cell inhibition and apoptosis induction, the cells were pretreatment with NAC for 1 h and co-incubated with 10 μM of S17 for a further 48 h. Figure 6A ,B revealed that pretreatment with NAC almost completely attenuated S17-induced cell inhibition in three gastric cancer cells and completely attenuated apoptosis in MGC803 cells. Blocking the generation of ROS by pretreating MGC803 cells with NAC prevented S17-induced modulation of Bcl-2 and IAP family proteins, activation of caspases, cleavage of PARP-1, up-regulation of DR5 and also abrogated the decrease of MMP level. And in SGC7901 cells, NAC also decreased the expression levels of Bax, DR5 and CF-PARP proteins induced by S17, which were consistent with the effect of NAC on MGC803 (Fig. 6C,D) . In order to demonstrate how S17 induces lethal ROS generation in gastric cancer cells, MGC803 cells were pretreated 1 h with the different functional ROS inhibitors include Catalase (CAT), ButyIhydroxyanisole (BHA), GKT137831 (GKT), Rotenone (ROT), Neohesperidin (NEO), and Apocynin (APO). Figure 6E exhibited that the cytotoxicity of S17 was significantly attenuated by BHA and CAT compared with the rest of ROS inhibitors. These data suggested that the generation of ROS is required for the S17-induced apoptosis in gastric cancer cells.
S17 inhibits in vivo tumor growth in the xenograft nude mouse model of MGC803 cells.
There is no significant difference in mean body weights over time between control and S17 treated groups (Fig. 7A ) (Student's t test; P > 0.05). The growth rate of MGC803 xenograft tumors from mice which were treated with S17 was lower than those from the vehicle control-treated mice. (Fig. 7B) . The mean of wet tumor weights in the S17 treated mice was about 60% less than that of the control treated mice (Student's t test; P < 0.01) (Fig. 7C) . In order to determine whether xenograft tumor cells treated with S17 underwent ROS-mediated apoptosis, immunohistochemical assay was performed to determine changes of cleaved-caspase3, cleaved-caspase8 proteins expression and the levels of ROS in xenograft tumors treated with S17. As shown in Fig. 7D , S17 treatment led to an increase in expression of cleaved caspase 3, cleaved caspase 8 and ROS. These results demonstrated the anti-tumor activity and the apoptotic effect of S17 against gastric cancer cells in vivo.
Discussion
Carcinogenesis is a complex process which consists of a series proliferative signaling, including evasion of growth suppression, damaged extracellular matrix (ECM) components, resistance to cell death, uncontrolled proliferation as well as increasing invasion and metastasis of cancer cells 26, 27 . Thus polypharmacological approaches for developing anti-tumour drugs attarct much interests of investigator. In recent years, naturally occurring botanicals and there derivatives are attracting considerable attention as cancer chemopreventive agents 28, 29 . Chalcones which belong to a specific class of flavonoids frequently occur in fruits, vegetables and beverages (tea, coffee, beer, wine and fruit drinks) 30 , and a new brominated chalcone derivative H72 in our previous work has been proved to effectively induce apoptosis in gastric cancer cells 31 .
In this study, we have demonstrated that S17, a novel chalcone derivate, selectively inhibits the growth of gastric cancer cells MGC803 by inducing cell apoptosis through ROS-mitochondria apoptotic pathway. S17 induced Since mitochondrial respiration are the main source of ROS, mitochondria are considered to be the major target of ROS damaging and increase in ROS level can damage mitochondrial membrane and result in apoptosis by oxidizing mitochondrial pores, thereby disrupting the mitochondrial membrane potential(MMP) 32, 33 . In this study, we demonstrated the ability of S17 to induce mitochondrial dysfunction, by detecting the MMP.
In addition, ROS inhibitors with different function were utilized to investigate how S17 induces lethal ROS generation in MGC803 cells. ButyIhydroxyanisole (an antioxidant acts as a radical-scavenger) and catalase (H 2 O 2 enzyme) decreased the death of MGC803, due to oxygen free radicals and H 2 O 2 are mainly derived from mitochondrial aerobic respiration and the metabolic process, and is the byproduct source of mitochondrial electron transport chain (ETC, includes complex members I-IV) 34 . We utilized Rotenone (an irreversible inhibitor of complex I) and Apocynin (a selective NADPH-oxidase inhibitor) to detect whether the generation of ROS is associated with ETC, but Rotenone and Apocynin failed to reverse the cytotoxicity of S17, ETC may be unrelated with The ratios of apoptotic cells were determined by Flow Cytometric analysis after S17 incubation for 48 hours. (E) The expression levels of apoptosis-related proteins were tested by western blotting assay after S17 incubation for 24 hours. (F) Flow Cytometric analysis demonstrates MMP(ΔΨ) decrease after 48 hours treatment of S17. the generation of ROS induced by S17. However, ROS from mitochondria are not all derived from mitochondrial electron transport chain, mitochondrial H 2 O 2 also available from monoamine oxidase, and generated from oxidation of cytochrome c directly by the oxidordeuctase p66shc 35 , which may be as the target for S17 to induce apoptosis and deserve to be further investigated. Furthermore, the associated mechanisms of Neohesperidin (an antioxidant activity in scavenging the DPPH radical) and GKT137831 (dual Nox1/Nox4 inhibitor) could be excluded, however, how S17 induces lethal ROS generation in gastric cancer cells MGC803 needs to be further investigated.
The mitochondrial associated apoptosis pathway involves mitochondrial outer membrane permeabilization followed by release of cytochrome c into the cytosol, which induces a caspase cascade culminating in cell death 36, 37 . On the other hand, in the cytosol, cytochrome c triggers activation of initiator caspase 9 could then activate the effector caspase 3 to contribute to activation the mitochondrial apoptosis pathway. Executioner caspase-3 is responsible for cleaving its substrates, such as poly ADP-ribose polymerase 1 (PARP-1), subsequently inducing apoptosis 38, 39 . Western blot analysis showed that caspase 9, caspase 8, caspase 3 and PARP-1 were all activated in a time-dependent manner by treatment with S17 in MGC803 cells (Fig. 3A) , and the activated caspase 8 can make Bid cleaved into t-Bid triggering the mitochondria apoptotic pathway, elucidating the interplay between extrinsic and intrinsic apoptosis pathway induced by S17 is essential. Mechanistically, S17 activated caspases and modulated XIAP and Bcl-2 member proteins involved in mitochondrial apoptotic pathway in vitro. Inhibitors of apoptosis (IAP) proteins are endogenous inhibitors of apoptosis 40 , and the best characterized of these are XIAP and survivin. They respectively inhibit the activation of caspase-9 and caspase-3, thereby negatively regulating apoptosis.Our results showed that the decreased expression of XIAP, which might contribute to the reason of caspase-9 activation induced by S17. However, there was no change in survivin after treatment with S17, indicating that activation of caspase-3 by S17 was mediated by upstream signaling. Bcl-2 family proteins are important regulators of mitochondrial apoptosis approach, which govern MMP and can be either pro-apoptotic, such as Bax, or anti-apoptotic such as and Bcl-2, and Bcl-xL. Even if caspase proteins are generally required in apoptosis and weight (C) of MGC803 xenografts from S17-treated mice were significantly reduced. **P < 0.01 vs Control group. Treatment was initiated when the average size of the tumor reached 100 mm 3 . The test group were treated with indicated dosage in 20 μl of DMSO of S17 every day and the control group received injection of DMSO alone. The mice (n = 5 per group) were treated for 21days. (D) Immunohistochemical assays were performed in xenograft tumors to demonstrate the expression levels of cleaved caspase3, cleaved caspase8 and ROS induced by 40 mg/kg S17.
process, Since z-VAD-fmk didn't completely reversed S17-induced apoptosis, we supposed there was another caspase-independent way involved in it. Thus, drugs which use ROS-mitochondrial apoptosis approaches in cancer cells may prove to be valuable anti-cancer therapeutics.
We detected that DR5 increased greatly after S17 treatment. To investigate the role of DR5 in the regulation of S17-induced cell apoptosis. According to our results, MMP decrease was significantly reversed in DR5 −/− cells comparing to that in wild type MGC803 cells after 10 μM S17 treatment for 48 hours (Fig. 4F) , indicating that DR5-related apoptotic pathway activated mitochondria pathway as was elaborated that caspase 8 makes Bid cleaved into t-Bid triggering the mitochondria apoptotic pathway 41 . In addition, we found that the elevating level of ROS reflectively activated Nrf2 and promoted its translocation into nuclear and increased antioxidant enzymes expression such as HO-1, NQO1. Similarly as reported 15d-PGJ 2 , a stable PGD 2 degradation product, causing intracellular redox imbalance in p53-deficient MG-63 OS cells induced p38 activation and Akt phosphorylation within 4 h followed by Nrf2 translocation into nuclear which acted as a protective pathway 42 . In addition, compared with H72 in our previous work 31 , Nrf2 activation is a special mechanism and the apoptotic effects of S17 on gastric cancer cell lines may be better than H72 if the Nrf2 pathway be blocked. Nrf2/HO-1 signaling indeed play protection effect on the cells in spite of it didn't reverse apoptosis, Furthermore, our results showed Nrf2 decreased and NQO1 reached its peak at 3 h after S17 treatment but HO-1 increased all the time. The underlying reason was until unknown and need further investigation.
This study showed that a novel chalcone derivate, S17, inhibited tumor growth in vivo. Moreover, we found that S17 reduced tumor burdens in MGC803 xenografted mice without gross toxicity. In the MGC803 xenograft model, S17 showed good antitumor activity and less toxicity for gastric cancer cells. Furthermore, immunohistochemical analysis showed S17 treatment led to the increased levels of cleaved caspase 3 and cleaved caspase 8 in xenografted tumors. More importantly, the levels of ROS also were increased induced by S17 compared with control, indicating the anti-tumor activity of S17 against gastric cancer cells in xenograft tumors via ROS-mediated apoptosis manners.
Overall, S17 may be a novel lead compound as a cancer drug candidate with polypharmacological properties. Therefore for our research work, we made a summary that S17-induced apoptosis through ROS dependent DR5 up-regulation and Nrf2-mediated relief in gastric cancer cells (Fig. 8) , and we found S17 of new synthetized chalcone is a promising candidate in drug discovery.
Methods
Reagents and chemicals. Fetal bovine serum (FBS), RPMI-1640, and penicillin-streptomycin were purchased from HyClone (Victoria, Australia). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-zolium bromide (MTT), N-acetyl-L-cysteine (NAC) and JC-1 fluorescent dye (Sigma-Aldrich, St Louis, MO). ButyIhydroxyanisole, Rotenone and Apocynin were purchased from MCE. GKT137831, Neohesperidin and z-VAD-fmk were purchased from Selleck. FITC/Annexin V Apoptosis Detection Kit (BestBio, Shanghai, China), Catalase and 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) was purchased from Beyotime Biotechnology (Shanghai, China). Antibodies specific for β-actin (sc-1615, goat, 1:1000), Bim (sc-11425, rabbit, 1:1000), Bax (sc-493, rabbit, 1:1000), Bad (sc-8044, mouse, 1:1000), caspase-3 (sc-7272, rabbit, 1:1000), caspase-9 (sc-7885, rabbit, 1:800), poly (ADP-ribose) polymerase-1 (PARP-1) (sc-7150, rabbit, 1:1000), DR4 (sc-7863, rabbit, 1:1000), DR5 (sc-65314, mouse, 1:1000) were obtained from Santa Cruz Biotechnology(Santa Cruz, CA). Antibodies specific for Bid (#2002, rabbit, 1:1000), Bcl-xL (#2764, rabbit, 1:1000), XIAP (#14334, rabbit, 1:1000) and cleaved caspase-8 (#9496, rabbit, 1:1000) were purchased from Cell Signaling Technology (Danvers, MA). The antibody specific for survivin (ab76424, rabbit, 1:2000) was purchased from Abcam (Cambridge, MA). Anti-DR5 (ab1675, goat, 1: 500) antibody for flow cytometer were purchased from Abcam(Cambridge, MA). Peroxidase-labeled anti-goat (1:5000), anti-rabbit (1:5000) and anti-mouse (1:5000) polyclonal immunoglobulins were purchased from Bioss (Shanghai, China). The enhanced chemiluminescence (ECL) kit was purchased from Thermo Fisher (Waltham, MA).
Chemosynthesis. The synthetic method of the etherification chalcone derivatives was shown in Fig. 1B,C. Substituted benzaldehydes, which were synthsized by willimison etherification, reacted with 2-hydroxyl-4, 6-dimethoxyl acetophenone (Compound 1 Fig. 1B) or 2,4,6-trimethoxyl acetophenone (Compound 2 Fig. 1B) by Claisen-Schmidt condensation reaction to afford a novel series of flavokawain A derivates. The chemical structure of S17 was identified using using 1 H-NMR and 13 C-NMR. S17 was dissolved in DMSO to 10 mM stock solution and stored at room temperature. For each experiment, the stock solution were diluted in the culture medium to obtain the desired concentration. The final DMSO content in cell culture was ≤ 0.5% (v/v), which was found to be nontoxic to cells.
Cell lines and cultures. EC109 (human esophagus cancer), HepG2(human hepatoma) cells, MCF7 (human breast cancer) cells, SKNSH (human neuroblastoma), MGC803(human gastric cancer), HGC27(human gastric cancer), SGC7901(human gastric cancer) and GES1(human gastric epithelial cell) were purchased from the American Type Culture Collection (Manassas, VA), and cultured at 37 °C in an atmosphere containing 5% CO 2 , with RPMI1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin and 0.1 mg/ml streptomycin. MGC803 of DR5 −/− cell line were cultured by our group through a lentiviral system and the primer sequence is 5′-GCAAGUCUUUACUGUGGAA-3′.
Cell proliferation. The cells were seeded into a 96-well plate at a density of 4,000 (100 μl) cells per well for 24 h, followed by compounds added (200 μl) to the respective wells in the indicated final concentrations at different times. Next, 20 μl of 5 mg/ml MTT per well was added to the medium, and the cells were incubated for 4 h at 37 °C and 5% CO 2 . After removing the culture medium, 150 μl of DMSO was added to dissolve the formazan crystals. The absorbance was read by enzyme labeling instrument with 570 nm wavelength measurement. The viability of treated cells for 0 hour was set as 100%, and the viability in the other groups was calculated by comparing the optical density reading with the control. The IC 50 values were calculated using nonlinear regression analysis.
Nuclear staining with DAPI. Morphological changes of nuclei were visualized following DAPI staining.
Following incubation with 10 μM S17 for 24 h, cell were fixed with 4% paraformaldehyde for 10 min at room temperature. Fixed cells were washed with PBS, and stained with 2 μg/ml DAPI solution (dissolved with PBS containing 0.1% TritonX-100) for 40 min at room temperature. Cells were washed two more times with PBS and analyzed via a fluorescence microscope.
Apoptosis analysis. MGC-803 cells were seeded at 1.5 × 10 5 cells/well in 6-well plates and cultured for 24 h. Next, the cells were exposed of S17 (10 μM) to different times. After that, cells were collected and washed with PBS twice, and incubated with fluorescein isothiocyanate (FITC)-conjugated Annexin V and PI using FITC Annexin-V/PI apoptosis kit following the step-by-step protocol provided by the manufacturer. 
Measurement of loss of mitochondrial membrane potential (MMP, ΔΨ)
. JC-1 probe was used as a measure of loss of MMP. Briefly, Cells were seeded at 1.5 × 10 5 /well in 10% FBS RPMI-1640 into 6-well plates, and treated with S17 (10 μM) for indicated times. Then JC-1 (2.5 μg/ml), were added to incubate with an equal volume of cell suspension at 37 °C for 10 min and rinsed twice with PBS. The concentration of retained JC-1 dye was determined by a flow cytometer.
Measurement of ROS.
The levels of intracellular reactive oxygen species (ROS) were determined using 2, 7-dichlorodihydro fluorescent diacetate (DCFH-DA), as described previously. MGC-803 cells were plated into a 6 well plate for 24 h prior to the experiment. On the following day, cells were subjected to S17 (10 μM) for a certain range of time. Following treatment, cells were incubated with 20 mM DCFH-DA dissolved in cell-free medium at 37 °C for 30 min in dark. After incubating, the cells were washed by PBS, trypsinized, and collected by centrifugation, and then washed three times with PBS. ROS generation was assessed in fluorescence intensity (FL-1, 530 nm) using a flow cytometer. Control cells were subjected to the same manipulation, except for treatment with S17.
Western blotting analysis. MGC-803 cells (1 × 10 6 ) were cultured in each 100 mm plates. After treatment with S17 (10 μM) for indicated times, cells were collected and lysed with ice-cold lysis buffer (Beyotime, Shanghai, China). After centrifugation at 12,000 rpm/min for 30 min, protein concentrations of the lysates were determined by the micro-BCA protein assay kit. The total cellular protein extracts were boiled with loading buffer and separated by SDS-PAGE and transferred to nitrocellulose membrane. After blocking with 5% skimmed milk in PBS with 0.1% Tween-20 for 2 h, the membranes were incubated with appropriate antibodies overnight at 4 °C, followed by HRP conjugated anti-mouse, anti-goat or anti-rabbit secondary antibodies. The detection of specific proteins was carried out with an ECL Western blotting kit according to the recommended procedure.
Immunofluorescence analysis of Nrf2. MGC803 cells were treated with 10 μM of S17 for 8 h. Cells were fixed with 4% paraformaldehyde in PBS for 30 min, permeabilized with 0.1% Triton X-100, and blocked with 10% normal goat serum for 30 min. Incubation with primary antibodies against Nrf2 was done overnight at 4 °C. After washing, cells were exposed to FITC-conjugated antibody (goat-anti-rabbit Ig (H + L)-FITC). After washing, the nuclei were visualized with 2 μg/ml DAPI solution (dissolved with PBS) and added 10 min before imaging. The confocal microscopy (Nikon) was used for co-localization analysis.
Immunohistochemistry (IHC).
Paraffin-embedded tissue sections were dewaxed and rehydrated, washed by PBS, following the antigen retrieval, endogenous peroxidase were blocked by 3% H 2 O 2 for 20 min, and normal goat serum was used to block non-specific binding sites for 20 min, the sections were then incubated with cleaved caspase3 and cleaved caspase 8 antibody diluted 1:50 in PBS at 4 °C overnight. Peroxidase-conjugated anti-rabbit antibodies were used for secondary detection, the reaction was revealed with diaminobenzidine (DAB). And ROS was detected according to ROS Immunohistochemistry kit direction (Y-J biological company, Shanghai, China). Sections were counterstained with hematoxylin. Images were acquired on a microscope (Nikon).
Tumor xenograft growth assay in vivo. Animals were treated according to protocols established by the ethics committee of Zhengzhou University and the experiments in vivo were conducted according to the approved guidelines and approved by the ethics committee of Zhengzhou University. Thirty male nude mice (5 weeks-old) were purchased from the Chinese Academy of Sciences (Beijing, China). Cells were digested and resuspended with PBS at a density of 2.5 × 10 7 cells/ml. Cell suspension (200 μl) was subcutaneously injected into the nude mice on the backside. Tumor growth was monitored by tumor volume which was measured with calipers and calculated according to the formula, V = 0.5 × (length × width 2 ). Finally, tumors were harvested after 21 days (21 injections), body weight, tumor volume and tumor weight were measured.
Statistical Analysis. The data are expressed as means ± SD. Significant differences between the groups were determined using the unpaired Student's t-test. * and ** respectively represent p < 0.05 and p < 0.01.
